Effective method for the computation of optical spectra of large molecules at finite temperature including the Duschinsky and Herzberg-Teller effect: The Q x band of porphyrin as a case study J. Chem. Phys. 128, 224311 (2008) High resolved absorption and fluorescence spectra of zinc complexes of phthalocyanine (ZnPc) and tetrabenzoporphyrin (ZnTBP) in the region of Q states were reported. Few theoretical investigations were performed to simulate the well-resolved spectra and assigned the vibrational bands of the large molecules, especially for high symmetrical characteristic molecules, on account of the difficulties to optimize the excited states and analyze a large number of final vibrational-normal modes.
I. INTRODUCTION
Porphyrin and phthalocyanine complexes form an important class of aromatic dyes, which have been studied extensively in the past decades. In 1930s and 1940s, Linstead and co-workers reported the preparations and UV-Vis spectral data for a number of porphyrin and phthalocyanine complexes, including zinc phthalocyanine (ZnPc) and zinc tetrabenzoporphyrin (ZnTBP) molecules, in a series of papers. [1] [2] [3] [4] [5] [6] Since then, lots of experimental and theoretical investigations were performed, initially because of their central role in biological processes such as respiration and photosynthesis, 7 more recently because of their potential technological applications, [8] [9] [10] including photovoltaic and solar cells, 11 molecular electronics and photonics, nonlinear optics, [12] [13] [14] photodynamic therapy, 15 and so on. These highly stable macrocyclic π -systems display interesting properties such as optical stability and efficient light absorption in the near-infrared and visible region of the spectra that make them potential candidates for applications in optoelectronics, photo conducting materials. [10] [11] [12] [13] [14] In view of the possible a) Author to whom correspondence should be addressed. Electronic mail: herx@swu.edu.cn. b) E-mail: cyzhu@mail.nctu.edu.tw. applications, considerable efforts were devoted to the characterization of electronic structures and spectra of these macrocyclic rings. [16] [17] [18] [19] [20] [21] [22] It have been proven to be valuable in designs and fabrications of optical devices.
The intensity and origin of the lowest absorption of macrocyclic rings, the Q and B bands, were widely interpreted by Gouterman's four-orbital model. [23] [24] [25] According to the cyclic polyene model for the porphyrin ring, the Q and B bands are derived from the transitions between a pair of highest occupied molecular orbitals, HOMO and HOMO-1(a 1u and a 2u symmetry), and lowest unoccupied molecular orbital, LUMO (the doubled degenerate e g symmetry). The strong configuration interaction between the a 1u 1 e g 1 and a 2u 1 e g 1 excited configuration makes for a low-lying state corresponding to the Q band and a high-lying state corresponding to the B band. The transition dipole moments associated with the configuration mixing result in an anti-parallel and a parallel electron transition, that is to say, lead to a weak absorption (Q band) and a strong absorption (B band). In contrast to the porphyrins, the transition between ground state and the first excited state is fully allowed in phthalocyanines. 25 This fully allowed transition is responsible for the intense and bathochromic shift Q band absorption in the region of 600-850 nm, the so-called therapeutic body window, applications as photosensitize in laser cancer therapy. The redshift and intensification of the Q band could be ascribed to the near degeneracy break of HOMO and HOMO-1 orbitals due to the substitution of aza linkages for the methine bridges in the porphyrin macrocycle. That decreases the configuration interaction of a 1u 1 e g 1 and a 2u 1 e g 1 and removes the forbidden character of electron transition, so the Q band absorption in phthalocyanine is much stronger than in porphyrin. In the recently published work implemented by Kobayashi et al., 26 they showed the achievement in designing and synthesizing stable metal phthalocyanines having their main absorption band (Q band) beyond 1000 nm. Their outstanding research was premised on acquainting comprehensive information about the electronic structure characters by quantum mechanics calculation and analysis. That stresses the importance of understanding the electronic structure before performing in-depth work about design and synthesis.
Schaffer and his co-workers 17 reported a general symmetrized Extended Hückel program and performed calculations on metal complexes of phthalocyanine. The obtained results were compared with the similar calculations on porphyrins. The molecular orbital model developed by them appears to be in close agreement with the available spectroscopic data. They investigated the similarities and contrasts between porphyrin and phthalocyanine ring systems, found that the bridge nitrogen atoms give rise to n → π * transitions, which are probably in the region of the Soret band. Extra absorption bands were observed in the near ultra violet region of metal phthalocyanine complexes. Their theoretical work gave a step forward in understanding the electronic structures and electronic spectra of metal complexes of phthalocyanine and porphyrin. Previously, self-consistent-molecular-orbital Pariser-Parr-Pople configuration interaction (SCMO-PPP-CI) (Ref. 27 ) method was adopted to calculate porphyrin and phthalocyanine systems, the investigation showed the multitransition excited-states description of phthalocyanine and the pure single π → π * transition of porphyrin system. Weiss and co-workers 27 in their pioneering work on porphyrins and the related systems showed that Gouterman's four-orbital model is reasonable for the lowest electron transition (Q bands) but less reasonable for near ultraviolet transition (Soret bands), especially in the case of phthalocyanine that have complicated spectral characterization in Soret band region due to additional n → π * transitions aroused by azamethine groups.
VanCott and his co-workers published a series papers concerning the optical spectra and magnetic circular dichroism (MCD) spectra for ZnPc and ZnTBP isolated in Argon/matrix over a wide energy range. [28] [29] [30] [31] Ziegler and Stillman also reported theoretical investigation of MCD spectra of metal porphyrins and metal phthalocyanines. 32, 33 Through the magnetic circularly polarized luminescence, they identified the presence of Jahn-Teller coupling and crystal field splitting on the degenerate first excited singlet state. 33 The application of matrix and its accompanying cryogenic temperatures provided high resolved spectra over the entire region affording a clear characterization of energy and symmetry of excited states. Although spectral band deconvolution analysis and MCD spectra gave indications on the energy, number, and magnetic moment of the excited states contributing to each spectral region, accurate quantum mechanical calculations are still required to fully characterize the excited states.
Recently, Murray and his co-workers investigated visible luminescence spectroscopy, infra-red and Raman spectroscopy of free-base and zinc phthalocyanines isolated in cryogenic matrices. 34, 35 Their works offered ample experimental evidences for our theoretical investigation and simulation of the high resolved spectra, and further assigning the vibrational bands involved in spectra of zinc phthalocyanine.
Actually, a compelling need for accurate calculations of the excited states of metal complexes of tetrabenzoporphyrin and phthalocyanine has been expressed already long time ago by VanCott. 28 In order to maximize the quantity and quality of the information that can be obtained from simulated spectra, narrow bands, and well-resolved vibronic structure are required.
Before the advent of time-dependent density functional theory (TDDFT), few density functional theory calculations have been reported due to the inability of offering accurate configuration interaction which characterizes the excited state of metal complexes of phthalocyanine and porphyrins. 36 The TDDFT method has been proved to be an excellent alternative to conventional highly correlated ab initio method, 37 such as symmetry adapted cluster configuration interaction (SAC-CI), similarity transformed equation-of-motion coupled cluster, and complete active space self-consistent-field plus secondorder perturbation theory, as in the case of magnesium porphyrin (MgP) 38, 39 and magnesium porphyrazine (MgPz). 40 The DFT combined with multireference configuration interaction (DFT/MRCI) method has successfully applied in the calculation of electronic spectra of porphyrins, metal porphyrins, porphyrazines and hydroporphyrins. 41 The reliability of TDDFT method in obtaining accurate predictions of excitation energies and oscillator strengths is by now well documented for a wide range of molecules, ranging from small molecules to large organic molecules, free-base porphine, and transition metal tetrapyrrole complexes. 37 Grimme and his coworkers performed the first time calculations employing the (TD)DFT method and the popular B3-LYP functional to simulate the vibronic structure of the absorption spectra for several large organic π systems. Their pioneering works provide valuable guidance for the following investigations. 42 In order to afford a reliable description of the electronic spectra that is competitive in accuracy with experimental data, we should perform a calculation of Franck-Condon factors (FCFs) of various peaks in vibronic spectra, oscillator strengths, and excitation energies. The distribution of FCFs among vibrational states reflects information about molecular structures. 43 Take transition from the vibronic ground state to the first singlet excited state as an instance. The equilibrium structures of the two electronic states are semblable if the origin band has a maximum FCF close to unity, whereas if the maximum FCF shifts to some vibrational states that are highly excited, then the two states are likely to have quite different geometries. Moreover, the active vibrational modes with larger FCFs usually indicate that the corresponding geometric parameters (e.g., bond lengths or bond angles) change drastically upon excitation. So it is necessary to perform a comprehensive vibrational mode analysis involved in the optical spectra. Lots of theoretical studies of excited states reported in the literatures consider only vertical excitation energies in the Franck-Condon region. 33, 37, 44 However, weak electron transition, such as the S 0 ↔ S 1 (π → π *) transition in porphyrin systems, often exhibits vibronic activity. To comprehend the activity, it is indispensable to beyond the Born-Oppenheimer approximant and to consider the dependence of the electronic transition moment. Usually, it is a difficult task to accurately calculate the FCFs due to the complexity of such a calculation owes itself to the fact that the normal modes in an excited state generally could not only be distorted (having different frequencies) and displaced (having different equilibrium geometries) but also be mixed (having different characters of normal modes, generally called the Duschinsky effect) with each other, which makes the calculations of the vibrational overlap integrals between ground-and excited-state normal coordinates challenging, 45 especially for large molecule, such as zinc complexes of phthalocyanine (165 normal modes) and tetrabenzoporphyrin (177 normal modes).
The recent developments in electronic theories and methods and the increasing computation power allow nowadays accurately treating systems of medium and large sizes. 42, [46] [47] [48] [49] [50] [51] Previously, the optical spectra of sizable molecules were simulated with the linear coupling model by Domcke et al. 52 However, this procedure is affordable for a reasonable description of the low resolved spectra. It is defective to characterize the spectra features and provide a direct link between spectra and structural parameters. In this present paper, we described a study of absorption and fluorescence spectra of ZnPc and ZnTBP in the region of Q states. Very strong similarities are notable compared with previous experimental studies. A key aspect of the present work is the exploitation of the vibrational analysis to obtain assignments for the emission and absorption bands. Moreover, detailed comparisons between emission and absorption were carried out, which aids considerably in the identification of the true band assignments in the region of Q states.
II. COMPUTATIONAL METHODS AND THEORETICAL DETAILS

A. Computational methods
Guthmuller and co-workers investigated the resonance Raman properties and absorption spectra of julolidinemalononitrile push-pull chromophore with different functional. 53 The studied results indicated that the amount of Hartree-Fock (HF) exchange in the hybrid functional should have a great impact on the calculated results, which is in agreement with previous investigations performed by Grimme and his co-workers. 46, 54 They reported that the vibronic structure critically depends on the fractions of the "exact" HartreeFock exchange included in hybrid functionals. This can be traced back to the important effect of "exact" Hartree-Fock exchange on the geometrical displacement upon excitation. In the present work, therefore, equilibrium geometries and their vibrational-normal-mode frequencies of their ground and first excited states of ZnPc and ZnTBP were calculated by using three different hybrid exchange correlation functionals, B3LYP, PBE0, and BHandHLYP containing 20%, 25%, and 50% of exact HF exchange of the density functional theory and its time-dependent extension methods. This choice of functional was consistent with recent benchmark calculations that demonstrated, 46, 53, 54 depending on the selected molecule, B3LYP could be the most efficient approaches amongst the three functional, at least for the low lying π → π * transition. In this work, the results calculated by B3LYP functional were adopted to compare with the previous theoretical and experimental data, and those of the other two functional were given in the supplementary material. 73 The triple zeta valence basis set augmented with polarization function (def-TZVP) was used for all atoms. The def-TZVP basis set is comprised of four basis function for H atom (5s1p)/[3s1p], nine basis function for C and N atoms (11s6p1d)/[5s3p1d] and 13 basis function for Zn atom (17s11p6d)/[6s4p3d]. The terms in parentheses and square brackets represent numbers of primitive and contracted basis function, respectively. The ground states and the first singlet excited states of ZnPc and ZnTBP were optimized under D 4h and D 2h point group symmetry constraint, respectively. Frequency calculations at the same level were performed to confirm each stationary point to be a true energy minimum (all frequencies are presented in the supplementary material 73 ). The choice of E u irreducible representation of electronic state depends on the choice of Cartesian axes. For the consistencies with experimental results and make our calculations reliable, the ZnPc and ZnTBP molecules were placed in xy-plane with z-axis to be perpendicular to the molecular plane and then the C 4 axis was chosen as x-axis, as shown in Fig. 1 . In this way, we determined the first singlet excited states were doubly degenerate with E u symmetry label for ZnPc and ZnTBP. In order to determine whether the existence of the electronic origin in the high energy shadow of peak Q, which stems from the n (N m lone pairs) → π * transitions, we performed the analysis of individual atom contribution to the molecular orbitals (MOs) of ZnPc.
All geometries optimizations, frequency calculations of ground-and excited-states for ZnPc and ZnTBP, transition dipole moment derivatives and the analysis of individual atom contribution to the MOs were performed in the TURBOMOLE 6.2 software package. 55 The vibrationally resolved absorption and fluorescence spectra including Duschinsky 56 and Herzberg-Teller 57 contributions were simulated based on the accurate calculations of equilibrium geometries and their vibrational-normal-mode frequencies of the ground and their first excited states with our own code and FCclasses program. 
B. General theory of molecular spectra
The absorption coefficient for the electronic transition m → n in the Condon approximation can be expressed as In which δ ω nν ,mν − ω is the Lorentzian line-shape function, P mν denotes the Boltzmann factor, c is the speed of light, | nν | mν | 2 is the Franck-Condon factor, and μ nm is the electronic transition dipole moment. Eq. (1) can be rewritten as
(2) Here, G(t) denotes the correlation function and is given by 
and G l (t) denote the correlation functions defined by
and
That is, G 1,2,...,N d (t) represents the correlation function of the mixing modes (i.e., the Duschinsky effect). Making use of the Slater sum, we obtain
where
Next, we shall calculate G l (t) given by Eq. (5) for the displaced and distorted harmonic oscillator case. It is given by
The electronic transition dipole moments μ nm depend on the nuclear coordinates. In order to obtain more reasonable electronic spectra, the transition dipole moment is expanded in a
Taylor series in terms of the nuclear coordinate,
The zero-order term of this expansion is generally referred as the FC approximation for strongly allowed transitions, while the first-order term is the so-called Herzberg-Teller (HT) effect for weakly allowed or forbidden transition. In the present work, the vibrationally resolved spectra of ZnPc and ZnTBP including the HT and Duschinsky contributions were computed. The spectra were simulated with a full width at half maximum (FWHM) of 0.0005 eV. The maximum number of integrals to be computed for each class was set to 10 6 . The simulated spectrum taking into account both the zeroorder (FC) and the first-order (HT) terms of Eq. (17) will be named as FCHT. In order to investigate the HT and Duschinsky contributions separately, the Figures of pure HT contribution and the summation of HT and Duschinsky contributions were plotted.
III. RESULTS AND DISCUSSION
A. Geometrical and electronic structures
The accuracy of the simulated optical spectra is dependent upon the electronic structural parameters used in the simulation, it is crucial to verify the quality of the optimized structures by comparing them with available experimental data. For the well-resolved S 0 ↔ S 1 absorption and fluorescence spectra of ZnTBP and ZnPc, the good optimizations of ground state and the first excited singlet state should be essential prerequisite. Although the equilibrium geometries of the ground states of ZnTBP and ZnPc were well studied in theory and experiment, 44, 59 , 60 the investigations of their first excited singlet states were still very limited. The calculated key geometrical parameters of the ground states and the excited states of ZnTBP and ZnPc were listed in Table I. The calculated results of ZnTBP are in good agreement with the previously theoretical data. 44, 59 For ZnPc, the 
44, 59
b The x-ray data reported by Scheidt and Dow. 60 calculated geometrical parameters are consistent with the xray data, which reported by Scheidt and Dow. 60 The ground structures of ZnPc and ZnTBP are found to have D 4h symmetry at the same level of theory. The Zn 57 -N 6 (2.0028 Å) distance of ZnPc is slightly overestimated by 0.0228 Å than experimental value (1.980 Å); the C-N and C-C distances are well within 0.01 Å of the experimental values. The bond angles are within one degree of experimental data. 60 Compared the square structure of ZnPc with ZnTBP, we found that the Zn-N distance is shorter for ZnPc, and the C 7 -N 6 (1.3688 Å) and C 7 -N 22 (1.3268 Å) distances of ZnPc are also slightly shorter than C 7 -N 6 (1.3702 Å) and C 7 -C 22 (1.3882 Å) in ZnTBP. From the comparison above, we could find that the size of the central hole is reduced from ZnTBP to ZnPc due to the nitrogen substitutions of the four meso positions. That result tallies with the previous reports. 44 
states were performed. The B 2u and B 3u states are expected to be near in energy, it was confirmed by our TD calculations. Structurally, the geometrical changes upon going from S 0 to S 1 involved primarily the C α -C β , C β -C β , C m -C β , and Zn-N bonds. The principal (in-plane) C 2 axis bisects the β carbons of the distorted excited state structure for the rectangle. For ZnPc, the Zn 57 -N 6 distance is decreased to 2.0001 Å compared with the ground state, and the Zn 57 -N 1 distance is lengthened to 2.0035 Å. The C 7 -N 6 and C 5 -N 22 distances are prolonged to 1.3759 Å and 1.3417 Å, respectively, while the C 7 -N 22 is shortened in the S 1 state. The scenes also can be seen for ZnTBP, the Zn 57 -N 6 distance is decreased while Zn 57 -N 1 is prolonged respected to the ground state. The C 5 -C 22 and C 7 -N 6 distances are lengthened to 1.3985 Å and 1.3765 Å, C 7 -C 22 was slightly shortened.
We calculated the vertical excitation energies and the corresponding oscillator strengths of the first three excited singlet states estimated at equilibrium geometries of ZnPc and ZnTBP ground states with B3LYP, PBE0, and BHandHLYP functionals. As shown in Table II 64 The excitation energies calculated with the PBE0 and BHandHLYP functionals are 2.12 eV and 2.10 eV, which are comparative with the result of B3LYP. But the oscillator strengths are much higher than the results from B3LYP calculation and experimental measurements. 28, 63 These scenes are pretty alike for ZnTBP molecule. From above comparisons, we could conclude that the increasing amount of "exact" Hartree-Fock exchange included in the functionals is mainly responsible for intensification and a shift of the 0-0 transition to the higher energy region. This modification is associated with an increase of the geometric displacement upon excitation, which is in accord with previous findings. 46, 54 However, compared ZnPc with ZnTBP, there are obvious contrasts in the vertical excitation energies and the oscillator strengths. These contrasts we predicted also can be seen in other works. 40, 59, 61, 65 For S 1 , the oscillator strength of ZnPc (f = 0.429) is much higher than ZnTBP (f = 0.175) and the excitation energy of ZnPc ( E 1 = 2.08 eV) is lower than ZnTBP ( E 1 = 2.16 eV). The increase of oscillator strength and the decrease of excitation energy could be reflected with the intensification and redshift of the Q band of ZnPc. That could be ascribed to the substitution of aza linkages for the methine bridges in the porphyrin macrocycle. The substitution decreases the configuration interaction of a 1u 1 e g 1 and a 2u 1 e g 1 and removes the forbidden character of electron transition, so the Q band absorption in ZnPc is much stronger than in ZnTBP. Furthermore, the substitution could dramatically stabilize the LUMO orbital although it can lead to destabilization of the HOMO, the energy drop of LUMO is 0.6507 eV and the energy enhance of HOMO is 0.3243 eV. The contrast of stabilizing and destabilizing energies would make for the decrease of vertical excitation energy. Moreover, the nitrogen substitutions for the methine bridges bring on the decrease of the size of central hole compared to the ZnTBP, 44, 59 as demonstrated by our calculated geometrical parameters (see Table I ). The decrease of the central hole size could strengthen the interaction between central metal atom and Pc ligands (C and N, the elements that constitute the Pc ligands) and stabilize the excited state relative to the ground state. 26 It provided the concept of taking the size of central hole into account for designing geometrical structure and further adjusting the absorption wavelengths.
For the B band, the TD calculations for ZnTBP molecule predicted a single band at 3.25 eV with oscillator strength of 1.136, which are in agreement with the theoretical results from Nguyen et al., 59 and the corresponding experimental data obtained in a supersonic jet expansion (3.18 eV) (Ref. 66 ) and in the gas-phase (3.06 eV). 62 The B band of ZnTBP is assigned to the 2E u state, which is made up of the HOMO (2a 1u ) →LUMO (7e g ) (72.7%) and HOMO-1 (6a 2u ) → LUMO (7e g ) (19.9%). For ZnPc, the B band and higher energy regions are much more complex. The 2E u state located at the tail of the B bands with a very small oscillator strength (f = 0.008) is hardly observed in experiment. The 2E u state mainly stems from the HOMO-1(3b 2u ) → LUMO (7e g ) (91.6%). In the present work, the B band of ZnPc is assigned to the 3E u (not 2E u ) with the oscillator strength of 0.148, the excitation energy (3.66 eV) of 3E u calculated with B3LYP is just slightly underestimated compared to the experimental value (3.71 eV). These results are in accordance with the published work from Nguyen et al.
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B. Simulated versus experimental optical spectra
The well-resolved spectra and assignments of the involved vibrational modes of ZnPc and ZnTBP molecules were presented here. It is known that the S 0 ↔ S 1 electron transition (Q band) of ZnPc is much stronger than ZnTBP as predicted by our vertical transition calculations. In the simulations of S 0 ↔ S 1 spectra, the HT and Duschinsky contributions were expected to be important for ZnTBP and ZnPc. The HT effect including Duschinsky mixing (labeled HT) to the spectra of ZnTBP and ZnPc was calculated. In addition, the pure HT (labeled HT ) contribution to ZnTBP and ZnPc spectra was also calculated and the plotted figures were presented in Fig. 2 . It could give a visualized sight of the HT and Duschinsky contributions in the simulated spectra. Luo and co-workers performed an investigation on absorption spectrum of porphine, 67 which included the HT effects but neglected both the Duschinsky coupling and the changes in the frequencies of the normal modes in the two electronic states. However, the simultaneous consideration of Duschinsky and HT couplings is necessary to account exactly for the role of nuclear vibrations in an optical transition, 68 especially for the sizable molecules. In the FC spectrum, This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP: in order to confirm that the displaced harmonic oscillator is good approximation to be used for simulating the optical spectrum, it requires that the difference between vibrational frequencies of S 0 and S 1 states must be small for each totally symmetric (a g , under D 2h point group symmetry) vibrational normal mode of the investigated molecules. For example, the frequency differences of the totally symmetric modes of ZnPc, v 20 , respectively. The situation is also similar to ZnTBP molecule. According to the above analysis, we considered that the displaced harmonic oscillator approximation is reasonable to simulate the optical spectra.
The absorption and fluorescence spectra of ZnPc
The FC and FCHT well-resolved optical spectra of ZnPc were simulated (absorption and fluorescence spectra were presented in Figs. 2 and 3, respectively) . Compared with the experimental absorption spectra reported by VanCott et al. 28 and Murray et al., 35 the FCHT spectrum showed the full profile of Q band, the intensities relative to the 0-0 transition were collected in Table III . Three major band envelopes were reproduced, traditionally labeled Q (0, 0), Q (1, 0), Q (2, 0), 28 as shown in Fig. 4 . Based on the experimental data, 28, 35 we assigned the locations of involved vibrational modes in FC and FCHT spectra. From the simulated spectra, we can see the spectral profile is dominated by the 0-0 transition. This result implied only small displacement of the position of a minimum on the potential energy surface between the groundand excited-states was generated. The Q (0, 0) envelope can be accounted for by the presence of three involved modes with frequencies 154 cm −1 , 225 cm −1 , and 252 cm −1 in VanCott's work (as presented in Table III) . 28 But in our simula- 28, 35 The most intense vibrational band in this region located at 686.23 cm −1 , the relative intensity (9.8) is about one-tenth of the 0-0 transition. In the region of Q (2, 0), the existence of a positive B term in MCD indicates the additional presence of a separate electronic band, called Q band which was suggested to arise from the z-polarized lowest n → π * transition at 2.08 eV. 28, 68 Mack and Stillman also assigned this band to the e u (N m lone pairs) → e g (LUMO) transition centered at 2.05 eV. 32 For the D 4h symmetry of ZnPc, the four N m lone pair combinations transform as e u , b 2g , a 1g and the four N p one pair combinations transform as e u , b 1g , a 1g . From the percentage contribution of individual atoms to MOs of ZnPc (presented in the supplementary material 73 ), we can determine the N m related to the ZnPc orbitals are HOMO-9 (b 2g ), HOMO-11/12 (e u ), and HOMO-14 (a 1g ) with the orbital energies −7.24, −7.72, and −8.45 eV. The transitions interrelated with N m lone pairs appear in the energy region of B band, which associated with the π → π * transitions, such as the involved π orbitals HOMO-4 (a 2u ), HOMO-10 (a 2u ), and HOMO-13 (a 1u ), their orbital energies are 7.02, 7.18, and 7.73 eV, respectively. So, the symmetry allowed n → π * transitions are expected to contribute to the B band rather than the slightly blue side of the Q region. In our TD calculation of ZnPc absorption spectrum (presented in the supplementary material 73 ), the lowest z-polarized state, the 1A 2u , lies at 3.9117 eV, about 1.86 eV higher than experimental data. However, our calculated excitation energies are in accordance with previous published theoretical data. 33, 37, 59 It is noteworthy that the difference between the calculated data and experimental data is inevitable here despite the great efforts paid, but the credibility of our theoretical work should be above suspicion in a sense. Actually, from the separated HOMO (−5.17 eV) and HOMO-1 (−6.94 eV) orbitals, we also did not expect the n → π * will appear in the region of Q band. Our simulated well-resolved spectrum profile is in agreement with the experimental result, 28 but we could not find any allowed excited state in the Q (2, 0) region. The conclusion also can be found in other works. 37, 59 The intensity borrowing arose the activities of some weak modes would dominate the Q (2, 0) envelope. The mode 147 shows the maximal relative intensity and is stronger than mode 64 in Q (1, 0), which in accordance with experimental spectral profile. 28 Compared the FC and FCHT absorption spectra, one primarily difference was observed at the range of 1300-1500 cm Fig. 2 we can see that the Duschinsky effects make for the intensities redistribution of several vibronic bands. Such as the modes 76, 102, and 150 were nearly invisible in the HT plot but prominent in HT plot, which indicated the corresponding intensities of those vibronic bands nearly come from the Duschinsky mixing.
The emission spectrum (presented in Fig. 3 ) was simulated and compared with the Shpol'skii data reported by Huang et al. 69 Recently, the splitting of the Q band absorption has been determined more accurately by Murray et al. 35 The emission spectra trapped in Ne, N 2 , Ar, Xe, Kr matrices have been recorded in the region of the Q state. Comparison of emission and absorption spectra showed deviation from mirror symmetry that was more evident when looking to the assignments close to the 0-0 transition. The mirror symmetry breakdown close to the 0-0 transition originated from the frequency discrepancies of the modes involved in the spectra between ground state and excited state. Mode = 1 in emission spectra), which indicated that these two normal modes are physically the same. In this way, compared the vibrational bands between fluorescence and absorption spectra would aid considerably in the identifications of the true vibrational bands.
The absorption and fluorescence spectra of ZnTBP
The FC and FCHT absorption spectra of ZnTBP were presented in Fig. 2 , the 0-0 transition was found to carry most of the Franck-Condon intensity. The comparison of the FC and FCHT spectra profile showed the strong impact of the HT terms on the spectra. The simulated FCHT reproduced the experimental spectral profile well and in accord with the available data in Ar matrix and in supersonic expansions. 16, 31, 70, 71 These spectra are in many ways typical of the metalloporphyrins and similar to those of ZnPc. We here carried out detailed analysis of FCHT spectra and assigned the involved vibrational modes with their relative intensities, as shown in Table IV . For convenience, the absorption spectrum will be discussed firstly. In the Gouterman's four-orbital model, the Q and Soret bands are ascribed to the admixture of the excitations HOMO (a 1u ) → LUMO (e g ) and HOMO-1 (a 2u ) → LUMO (e g ). The associated transition moments are taken to interfere destructively for the Q and constructively for the B transition. Therefore, the Q band (f = 0.175) is substantially weak and the B band is strong (f = 1.136) in absorption, as shown in Table II .
We divided the spectrum for three envelopes, Q (0, 0), Q (1, 0), and Q (2, 0), according to the traditional labels of ZnPc. VanCott et al. investigated the Q band absorption and MCD spectra for ZnTBP. 31 Vibrational normal modes extended 1800 cm −1 to the blue side of the 0-0 origin band had been determined in their work. In the present work, the envelope of Q (0, 0) was dominated by excitations of modes 7 2 69 experimental data. So the HT contributions should be considerable for ZnTBP.
To sum up, the Duschinsky and Herzberg-Teller contributions to the electronic transition dipole moments are essential to assign the weak vibrational transitions and reproduce the experimental spectral profile. The FCHT can provide a full and rich vibronic structure so that the simulations could be comparable with the experimental high resolved spectra. It should be emphasized that the theoretical calculation could reproduce the detail feature of spectroscopy by simulating the high-resolved spectroscopy, which could help to understand photophysical properties when accurate calculations are carried out in the analysis of the experimental results.
